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I. INTRODUCTION
The possibility that our world has more than four
space–time dimensions has been considered long time
ago [1]. More recently phenomenological studies based
on simplified models have brought new insight on how
extra dimensions may show up in present and future ex-
perimental setups. Localization of Standard Model (SM)
degrees of freedom on a (3+1)–dimensional wall or 3–
brane explains why low energy physics is effectively four
dimensional [2]. In models where extra dimensions open
up at the TeV scale, small neutrino masses can be gen-
erated without implementing the seesaw mechanism [3].
These models postulate the existence of δ additional spa-
tial dimensions of size R where gravity and perhaps other
fields freely propagate while the SM degrees of freedom
are confined to (3+1)-dimensional wall (4D) of the higher
dimensional space. The idea that our world could be a
topological defect of a higher–dimensional theory [4] finds
a natural environment in string theory [5].
The true scale of gravity, or fundamental Planck scale
M∗, of the (4 + δ)D space time is related to the reduced
4D Planck scale MPl, as:
M2Pl = R
δM δ+2∗ , (1)
where MPl = 2.4 × 1018 GeV is related to the usual
Planck mass 1.2×1019 GeV = √8πMPl. Since no exper-
imental deviations from Newtonian gravity are observed
at distances above 0.2 mm [6], the extra dimensions must
be at the sub-millimeter level with M∗ as low as few TeV
and δ ≥ 2.
The right handed neutrino can be interpreted as a sin-
glet with no quantum numbers to constrain it to the SM
brane and thus, it can propagate into the extra dimen-
sions just like gravity [7]. Such singlet states in the bulk
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couple to the SM states on the brane as right handed
neutrinos with small couplings – the Yukawa couplings of
the bulk fields are suppressed by the volume of the extra
dimensions. The interactions between the bulk neutrino
and the wall fields generate Dirac mass terms between
the wall fields and all the Kaluza-Klein modes of the
bulk neutrino. As long as this mass is less than 1/R,
the Kaluza-Klein modes are unaffected while for the zero
mode, the interaction generates a Dirac neutrino mass
suppressed by the size of the extra dimensions:
mD =
λ√
2
M∗
MPl
v (2)
where λ is a dimensionless constant and v the Higgs vac-
uum expectation value (VEV), v ≃ 246 GeV. The mix-
ing between the lightest neutrino with mass mD and the
heavier neutrinos introduces a correction N to the Dirac
mass such that the physical neutrino mass mν is [3]:
mν =
mD
N
, (3)
where
N ≃ 1 +
|~n|<M∗R∑
~n
(
mDR
~n
)2
, (4)
~n is a vector with δ integer components counting the
number of states and the summation is taken over the
Kaluza-Klein states up the fundamental scale M∗. The
sum over the different Kaluza-Klein states can be ap-
proximately replaced by a continuous integration. The
following formula can be used:
|~n|<M∗R∑
~n
f
(
~n2
R2
)
−→ SδRδ
∫ M∗
0
dxxδ−1f(x2) , (5)
where f is a function of ~n2/R2 and Sδ = 2π
δ/2/Γ(δ/2) is
the surface of a unit radius sphere in δ dimensions. After
2summing over Kaluza-Klein states up to the cut-off M∗,
assuming δ 6= 2:
N ≃ 1 +
(
mD
M∗
)2 (
MPl
M∗
)2
2πδ/2
Γ(δ/2)
1
δ − 2 . (6)
As shown in Table I, small neutrino masses, mν , can
be obtained consistent with atmospheric neutrino oscil-
lations [8].
The framework of singlet neutrino in large extra
dimensions must satisfy some phenomenological con-
straints: for δ = 2, the mixing between the lightest state
and the higher Kaluza-Klein excitations can be of O(1)
and therefore problematic since in such a casemD < 1/R
is no longer valid. In addition, due to such a large mix-
ing, this scenario might run into problem with nucle-
osynthesis [2, 3, 7] (we consider δ > 2 in this analy-
sis). Finally, too much energy could be dissipated into
the bulk neutrino modes, leading to an unacceptable ex-
pansion rate of the universe if m2D ≥ 10−3 (eV)2 and
1/R ≤ 10 keV [2, 11] (we confine this analysis to the
parameter space where this constraint is satisfied).
The spectrum of many extensions of the SM includes a
charged Higgs state. We consider as a prototype of these
models the 2-Higgs Doublet Model of type II (2HDM-
II), where the Higgs doublet with hypercharge −1/2 cou-
ples only to right–handed up–type quarks and neutrinos
whereas the +1/2 doublet couples only to right–handed
charged leptons and down–type quarks; an example is
the Minimal Supersymmetric Standard Model (MSSM).
In the following we will continue to use the VEV v ≃ 246
GeV as in formula (2). Its meaning in terms of v1 (VEV
of the +1/2 doublet) and v2 (VEV of the −1/2 doublet)
is the usual one:
v√
2
=
√
v21 + v
2
2 tanβ =
v2
v1
(7)
H− decays to the right handed τ− through the τ
Yukawa coupling:
H− → τ−R ν¯. (8)
TheH− decay to left handed τ− is completely suppressed
in MSSM. However, in the scenario of singlet neutrino
in large extra dimensions, H− can decay to both right
handed and left handed τ− depending on the parameters
M∗, mD, δ, mH± and tanβ:
H− → τ−R ν¯ + τ−L ψ, (9)
where ψ is a bulk neutrino and ν is dominantly a light
neutrino with a small admixture of the Kaluza-Klein
modes of the order mR/|n|. The measurement of the
polarization asymmetry,
A =
Γ(H− → τ−L ψ)− Γ(H− → τ−R ν¯)
Γ(H− → τ−L ψ) + Γ(H− → τ−R ν¯)
, (10)
can be used to distinguish between the ordinary 2HDM-
II and the scenario of singlet neutrino in large extra di-
mensions – depending on the parameters – since in the
FIG. 1: The charged production at the LHC through the
2→ 3 process, gg → tbH± and the 2→ 2 process, gb→ tH±.
The inclusive cross section is the sum of both contributions
after the subtraction of the common terms. In the framework
of large extra dimensions with singlet neutrino in the bulk,
there are no additional Higgs bosons. Thus, the charged Higgs
productions are the same as in the 2HDM-II.
2HDM-II, the polarization asymmetry would be −1.0.
In this framework of large extra dimensions, the polar-
ization asymmetry could also be −1.0 if the left handed
τ component of the decay (9) is completely suppressed.
In such a case, the decay of H− would be similar to
the 2HDM-II case but possibly with a different phase
space since the neutrino contains some admixture of the
Kaluza-Klein modes.
The singlet neutrino may not necessarily propagate
into the δ-extra dimensional space. It is possible to pos-
tulate that the singlet neutrino propagate into a subset δν
(δν ≤ δ) of the δ additional spatial dimensions, in which
case the formalism for the generation of small Dirac neu-
trino masses is merely a generalization of the case δν = δ
discussed above [2].
The charged Higgs decay to right handed τ , H− →
τ−R ν¯ have been extensively studied for the LHC [9, 10].
In this paper, we discuss the possibility to observeH− →
τ−L ψ at the LHC above the top-quark mass. Table I
shows the parameters selected for the current analysis.
The cases where the asymmetry is +1 are discussed in
details. We assume a heavy SUSY spectrum with max-
imal mixing. The present analysis is conducted in the
framework of PYTHIA6.1 [12] and ATLFAST [13], and
the Higgs masses and couplings are calculated to 1-loop
with FeynHiggsFast [14].
II. H± PRODUCTION AND DECAYS
In this framework, no additional Higgs bosons are
needed. As a result, the charged Higgs productions are
the same as in the 2HDM-II, shown in Fig. 1. We consider
the 2→ 2 production process where the charged Higgs is
produced with a top-quark, gb → tH±. Further, we re-
3TABLE I: The parameters used in the current analysis of the signal with the corresponding polarization asymmetry.
In general, H− would decay to τ−L and τ
−
R , H
− → τ−R ν¯+τ
−
L ψ, depending on the asymmetry. For the decay H
− → τ−R ν¯
(as in MSSM), the asymmetry is −1 and this case is already studied for the LHC [9, 10]. The signal to be studied is
H− → τ−L ψ.
M∗ (TeV) δν δ mD (eV) mH± (GeV) tan β Asymmetry mν (eV)
Signal-1 2 4 4 3.0 219.9 30 ∼ 1 0.5 10−3
Signal-2 20 3 3 145.0 365.4 45 ∼ 1 0.05
Signal-3 1 5 6 5.0 506.2 4 ∼ 1 0.05
Signal-4 100 6 6 0.005 250.2 35 ∼ −1 0.005
Signal-5 10 4 5 0.1 350.0 20 ∼ −1 0.04
Signal-6 50 5 5 0.04 450.0 25 ∼ −1 0.04
quire the hadronic decay of the top-quark, t→Wb→ jjb
and the charged Higgs decay to τ -leptons. The studies
reported in [9, 10] were carried out in MSSM where, as
previously stated, the H− would decay to right handed
τ -leptons: H− → τ−R ν¯. In the scenario of large extra
dimensions, the τ decay of charged Higgs would contain
both left and right handed τ -leptons depending on the
asymmetry: H− → τ−R ν¯ + τ−L ψ. The right handed com-
ponent, H− → τ−R ν¯, is similar to the MSSM case up to
some phase space factors, in which case the details of
the analysis would not differ from [9, 10]. The objec-
tive of the current work is to study the LHC sensitivity
to the left handed component, H− → τ−L ψ. The detec-
tion of such a signal could provide a distinctive evidence
for models such as large extra dimensions with singlet
neutrino in the bulk. However, further measurements –
of the rate and the polarization asymmetry – would be
necessary to identity the actual scenario that is realized.
The major backgrounds are the single top production
gb→Wt, and tt¯ production with one W+ → jj and the
other W− → τ−L ν¯. Depending on the polarization asym-
metry (see Equation 10), H− → τ−R ν¯ will contribute as
an additional background. In Table II, we list the rates
for the signal and for the backgrounds. For the phe-
nomenological analysis, it is convenient to express the
partial widths in terms of inclusive formulas, where the
contributions of the Kaluza-Klein modes are summed up
to the kinematical limit mψ ≤ mH as the τ mass can
be neglected. The partial width of the Higgs decays
to τν depends of the parameters M∗, mD, δ, mH± and
tanβ [16]:
Γ(H− → τ−L ψ) ≃
mH±
8π
(mD
v
)2 χδ
tan2 β
(mH±R)
δ
, (11)
where (mH±R)
δ is the number of Kaluza-Klein modes
lighter than the charged Higgs mass and χδ includes the
phase space integral:
χδ ≃ 2π
δ/2
Γ(δ/2)
(
1
δ
− 2
δ + 2
+
1
δ + 4
)
. (12)
Using the relation (1),
(mH±R)
δ =
(
mH±
M∗
)δ
×
(
MPl
M∗
)2
. (13)
For the H− decay to the right handed τ , we have [16]
Γ (H− → τ−R ν¯) ≃[
Γ(H− → τ−R ν¯)MSSM
] [1 + f(mD,M∗, δ)]
N2
(14)
and the normalization factor N is given by Equa-
tion (6) and the function f(mD,M∗, δ) is (for δ 6= 2):
f(mD,M∗, δ) =
m2D m
δ−2
H
M δ∗
(
MPl
M∗
)2
2πδ/2
Γ(δ/2)
×
(
1
δ − 2 −
2
δ
+
1
δ + 2
)
. (15)
One can generalize these formulas for a singlet neutrino
in a smaller number of extra dimensions δν < δ than the
extra dimensions available to gravity [3]. Assuming that
all the extra dimensions are of the same size R, one has
to replace in formulas (6) and (11–15):
δ → δν
(
MPl
M∗
)2
→
(
MPl
M∗
)2(δν/δ)
(16)
The more general case of a non–symmetric internal δ–
dimensional manifold is given in [3].
Depending on the parameters M∗, mD, δ, mH± and
tanβ, the τν decay of the charged Higgs can be enhanced
or suppressed compared to the MSSM case. In Fig. 2
and Fig. 3, we show few cases of how the other decays
of the charged Higgs are affected in this framework; for
the chosen values of M∗ and δ, the decay branchings are
similar to MSSM for small values of mD while at larger
mD, the τν decay mode becomes strongly enhanced, es-
pecially at low tanβ. In Fig. 4, we show the polarization
asymmetry as a function of the charged Higgs mass and
for different values of mD and tanβ: for small mD, right
handed τ ’s are produced, except at low tanβ while the
asymmetry increases with mD (see Equation 11). For
very large values of M∗ and small mD, we recover the
MSSM case as shown in Fig. 5 irrespective of the values
of δ considered.
In general, H− → τ−L ψ + τ−R ν¯ with the asymmetry
between -1 and 1. However, the study of H− → τ−R ν¯
has been carried out in detail and reported elsewhere [9,
10]. Therefore, in the current study, we consider the
parameters shown in Table I and Table II for which the
asymmetry is one, i.e., H− → τ−L ψ.
4TABLE II: The expected rates (σ× BR), for the signal gb → tH± with H− → τ−R ν¯ + τ−L ψ and
t → jjb, and for the backgrounds: Wt and tt¯ with W− → τ−L ν¯ and W+ → jj. We assume an
inclusive tt¯ production cross section of 590 pb. Other cross sections are taken from PYTHIA 6.1
with CTEQ5L parton distribution function. See Table I for the parameters used for Signal-1,
Signal-2 and Signal-3. In the last columns, we compare the H± → τν branching ratios in this
model to the corresponding MSSM branching ratios from HDECAY [15].
Process σ× BR (pb) BR(H± → τν + τψ) MSSM: BR(H± → τν)
Signal-1 1.56 0.73 0.37
Signal-2 0.15 1.0 0.15
Signal-3 0.04 1.0 0.01
tt¯ 84.11
gb→Wt (pT > 30 GeV) 47.56
FIG. 2: Charged Higgs decays in models with a singlet neu-
trino in large extra dimensions for M∗ = 2× 104 GeV, δ = 3
and tan β = 1.5. For small values of mD, we see similar de-
cay branchings as in MSSM. As mD gets larger, H
± → τν
becomes dominant below and above the top-quark mass.
III. ANALYSIS
The polarization of the τ -lepton is included in this
analysis through TAUOLA [17]. We consider the
hadronic one-prong decays of the τ -lepton since these
are believed to carry a better imprint of the τ -
polarization [18]:
τ− → π−ν (11.1%) (17)
τ− → ρ−(→ π−π0)ν (25.2%) (18)
τ− → a−1 (→ π−π0π0)ν (9.0%) (19)
In Fig. 6, we show the effects of the τ polarization in
the signal and the backgrounds in the case of one-prong
τ− → π−ν. For the signal in MSSM, right handed τ−R ’s
FIG. 3: Charged Higgs decays in models with a singlet neu-
trino in large extra dimensions for M∗ = 2× 104 GeV, δ = 3
and tanβ = 45. The dependence in mD is similar to the
situation of Fig. 2.
come from the charged Higgs decay, H− → τ−R ν¯, while in
the backgrounds, left handed τ−L ’s come from the decay
of the W−(→ τ−L ν¯). Since the charged Higgs is a scalar
and the W− a vector, the polarization of the τ results
in a stronger τ -jet in the MSSM signal than in the back-
grounds for τ− → π−ν and longitudinal ρ and a1 [10, 18].
The studies reported in [9, 10] take advantage of this po-
larization effect in suppressing the backgrounds further
by demanding that the charged track carries a significant
part of the τ -jet energy:
pπ/E
τ−jet > 80%. (20)
For the signal in MSSM, this requirement would retain
only the π and half of the longitudinal ρ and a1 con-
tributions while eliminating the transverse components
along with the other half of the longitudinal contribu-
5FIG. 4: The polarization asymmetry as a function of mH± ,
for various values of tan β and mD. For small values of mD,
the decay τ− are right handed (except for small tan β values)
while left handed τ−’s are produced as mD gets larger.
FIG. 5: The polarization asymmetry and the H± → τν
branching ratio for two values of (M∗, mD) and δ = 4, 5
and 6. For very large M∗ and small mD, we recovery the
MSSM case, i.e., an asymmetry of −1 (right handed τ−) and
MSSM branching ratios (bottom plots).
FIG. 6: Polarization of the decay τ from H± in MSSM and in
models with a singlet neutrino in large extra dimensions. In
the latter case, both left and right handed τ ’s can be produced
with some polarization asymmetry. In the backgrounds, the
τ comes from the decay of the W±. The signal to be studied
is in the box — the polarization of the decay τ in this signal
is the same as in the background. Thus, τ polarization effects
would not help in suppressing the backgrounds but they may
help distinguish between the 2HDM and other models.
tions as can be seen from Fig. 7. However, this require-
ment would suppress much of the backgrounds, shown in
Fig. 8. In the framework of large extra dimensions, we
are interested in H− → τ−L ψ where, as shown in Fig. 6,
the polarization of the τ -lepton would be identical to the
background case but opposite to the MSSM case. There-
fore, the requirement (20) would not help in suppressing
the backgrounds, as can be seen from Fig. 8 and Fig. 9.
Nevertheless, there are still some differences in the kine-
matics which can help reduce the background level, and
we discuss the details of the analysis as follow:
(a) Search for one-prong hadronic τ decays with one τ -
jet, pτT > 30 GeV and |ητ | ≤ 2.5, at least three
non τ jets with p
jet
T > 30 GeV. One of these jets
must be a b-tagged jet with |ηb| < 2.5. Further, we
apply a b-jet veto by requiring only a single b-jet
with |η| ≤ 2.0 and pT > 50 GeV. We assume a τ -
jet identification efficiency of 30% and a b-tagging
efficiency of 50%, for an integrated luminosity of
100 fb−1. We further assume a multi-jet trigger
with a high level τ trigger.
(b) The W from the associated top-quark is recon-
structed and the candidates satisfying |mjj −
mW | ≤ 25 GeV are retained (and their four-
momenta are renormalized to the W mass) for the
6gb→tH-, H-→t R- n
--
, t R
- → 1-prong, t→jjb
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FIG. 7: The one prong decays of the τ -lepton from the signal
in MSSM: H− → τ−R ν¯. We plot the ratio of the momentum
carried by the charged track to the τ -jet energy. This ratio
peaks near 1 for τ → piν and near 0 and 1 for longitudinal
ρ and a1. For transverse ρ and a1, this ratio peaks in the
middle.
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FIG. 8: The one prong decays of the τ -lepton from the tt¯
and Wt backgrounds: W− → τ−R ν. Here the situation should
be reversed and it is for the ρ and a1. For τ → piν, the
ratio should peak near 0; the peak near 1 comes from the τ -
jet labeling criteria in ATLFAST: a jet is labeled a τ -jet by
requiring the hadronic decay products to carry a significant
fraction (> 0.9) of the τ -jet energy within a jet cone (∆R <
0.3). For τ → piν, these criteria would select charged pions
with this ratio near 1.
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FIG. 9: The one prong decays of the τ -lepton from the signal
in models with a singlet neutrino in large extra dimensions
with a polarization asymmetry of 1: H− → τ−L ψ. (The τ−
from H− decays are 100% left handed). The situation is thus
similar to the backgrounds but opposite to signal in MSSM.
reconstruction of the top-quark: this is done by
minimizing the variable χ2 = (mjjb − mt)2. We
take mW = 80.14 GeV and mt = 175 GeV. Subse-
quently, the events satisfying |mjjb−mt| < 25 GeV
are retained for further analysis.
(c) We raise the cut on pτT , i.e., p
τ
T > 100 GeV. To satisfy
this pτT cut, the τ jet from the backgrounds needs a
large pT boost from the W boson. This will result
in a smaller opening angle, ∆φ, between the decay
products τν. ∆φ is the azimuthal opening angle be-
tween the τ jet and the missing transverse momen-
tum. In the signal H± → τν, the τ jet will require
little or no boost at all to satisfy this high pτT cut.
This explains the backward peak in the ∆φ distri-
bution for the signal as shown in Figures 10 and 11
– this backward peak in ∆φ is more pronounced as
the Higgs mass increases. Similarly, the missing
transverse momentum 6 pT and the transverse mo-
mentum of the τ -jet are increasingly harder for the
signal as the Higgs mass increases as seen in Fig-
ures 10 and 11. Because of the neutrino in the final
state, only the transverse mass
mT =
√
2pτT 6pT [1− cos(∆φ)] (21)
can be reconstructed. In the backgrounds, the
transverse mass has an upper bound at the W−
mass (W− → τ−ν) while in the signal, it is con-
strained by the charged Higgs mass (H− → τ−ν).
However, due to the experimental resolution of
7H-→t L
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FIG. 10: The reconstructions of pmissT , the τ -jet transverse
momentum, pτ−jetT (top plots), the azimuthal opening angle
between pmissT and p
τ−jet
T and the transverse charged Higgs
mass (bottom plots) for the signal, H− → τ−L ψ (mA =
200 GeV, tanβ = 30) and the backgrounds W− → τ−L ν¯. In
the signal, the transverse mass is bound from above by the
charged Higgs mass while in the backgrounds, the transverse
mass is constrained by the W mass. However, due to the
EmissT resolution, we see a “leak” into the signal region.
EmissT , the mT distribution for the backgrounds
shows a “leak” into the signal region as can be seen
in Figures 10 and 11.
(d) To optimize the signal-to-background ratios and the
signal significances, we apply a cut on the missing
transverse momentum: 6pT > 100 GeV.
(e) A final cut of ∆φ > 1.0 rad is applied and the results
are shown in Fig. 12 and used for the calculation
of the signal-to-background ratios and the signal
significances shown in Table III. The reconstruc-
tion of the transverse mass, shown in Fig. 12 is not
enough to distinguish between the MSSM and the
singlet neutrino in large extra dimensions. The dif-
ferences in these two scenarios are best seen in the
distribution of pπ/Eτ−jet, the fraction of the en-
ergy carried by the charged track which is shown
in Figures 13 and 14. In MSSM, this distribu-
tion peaks near 0 and 1 while in H− → τ−L ψ from
large extra dimensions and in the backgrounds, this
distribution peaks in the center. The backgrounds
are relatively very small, and as concluded in [9]
and [10], the discovery reach is limited by the sig-
nal size itself. Therefore the observation of a signal
in the transverse mass distribution and in the dis-
tribution of the fraction of the energy carried by
H-→t L
-
y (mH+ = 365.4 GeV, tanb =45), W-→t L- n
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FIG. 11: The reconstructions of pmissT , the τ -jet transverse
momentum, pτ−jetT (top plots), the azimuthal opening angle
between pmissT and p
τ−jet
T and the transverse charged Higgs
mass (bottom plots) for the signal, H− → τ−L ψ, (mA =
350 GeV, tan β = 45) and the backgroundsW− → τ−L ν¯. pmissT
and pτ−jetT are harder in the signal particularly at higher Higgs
mass, and the opening angle ∆φ(pτ−jetT , p
miss
T ) peaks forward
in the backgrounds and backward in the signal.
the charged track should help determine whether
the scenario is MSSM or not.
The main effects responsible for the suppression of the
backgrounds are: the azimuthal opening angle — be-
tween the τ -jet and the missing transverse momentum —
which peaks forward in the backgrounds (W± → τν) and
backward in the signal (H± → τψ); and the difference
in the kinematic bounds on the transverse mass — this
bound is at the W-mass in the backgrounds whereas in
the signal, the bound is at the charged Higgs mass. The
overall efficiencies of the kinematic cuts (c), (d) and (e)
might change as a result of the event by event difference
in the neutrino mass mψ leading to an overall change in
the signal-to-background ratios and signal significances of
Table III but the results of Figures 12, 13 and 14 would
not be affected because these results rely on the differ-
ences in the τ -polarization and in the kinematic bounds
on the transverse mass, irrespective of the neutrino mass
mψ. In Table III, we present results for 3 different val-
ues of the number of extra dimensions. With different
mass distributions of mψ depending on the number of
extra dimensions, the overall efficiencies for the cuts (c),
(d) and (e) might change differently for each of the cases
presented in Table III.
8TABLE III: The expected signal-to-background ratios and signifi-
cances calculated after cut (e) for an integrated luminosity of 100 fb−1
(one experiment). See Table I for the parameters used for Signal-1,
Signal-2 and Signal-3. In all the cases considered, the signal can be
observed at the LHC with significances in excess of 5-σ at high lumi-
nosity.
Signal-1 Signal-2 Signal-3
Signal events 41 215 16
tt¯ 7 7 7
Wt 3 3 3
Total background 10 10 10
S/B 4.1 21.5 1.6
S/
√
B 13.0 68.0 5.1
H-→t R
-
n
--
, H-→t L
-
y  and W-→t L- n
--
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FIG. 12: The reconstructions of the transverse mass for the
signal in MSSM, the signal in models with a singlet neutrino
in large extra dimensions and for the backgrounds, for an inte-
grated luminosity of 100 fb−1. In general, an MSSM charged
Higgs can be discovered at the LHC depending on mA and
tan β. In the models with a singlet neutrino in large extra
dimensions, the signal can also be discovered at the LHC de-
pending on the parameters M∗, δ, mD, mA and tanβ. The
observation of the signal in the transverse mass distribution
would not be sufficient to identify the model: the τ polariza-
tion effects must be explored further.
IV. CONCLUSIONS
Large extra dimensions models with TeV scale quan-
tum gravity assume the existence of additional dimen-
sions where gravity – and possibly other fields – propa-
gate. The size of the extra dimensions are constrained
to the sub-millimeter level since no experimental devia-
tions from the Newtonian gravity has been observed at
distances larger than ∼ 0.2 millimeter.
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FIG. 13: The distribution of the ratio of the charged pion
track momentum in one prong τ decay to the τ -jet energy
for mA = 200 GeV, tanβ = 30, M∗ = 2 TeV, δ = 4 and
mν = 0.5 10
−3 eV. In the case shown here, the polarization
asymmetry is ∼ 1 (∼ 100% left handed τ−). We see the differ-
ence between MSSM and large extra dimensions with singlet
neutrino in the bulk. In Fig. 14, the difference between these
two models is more pronounced due to the more significant
signals.
In these models, the right handed neutrino can freely
propagate into the extra dimensions because it has no
quantum numbers to constrain it to the SM brane. The
interactions between the bulk neutrino and the SM fields
on the brane can generate Dirac neutrino masses con-
sistent with the atmospheric neutrino oscillations with-
out implementing the seesaw mechanism. There are no
additional Higgs bosons required in these models. The
charged Higgs productions are therefore the same as in
the 2HDM.
The charged Higgs can decay to both the right and the
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FIG. 14: The distribution of the ratio of the charged pion
track momentum in one prong τ decay to the τ -jet energy
for mA = 350 GeV, tan β = 45, M∗ = 20 TeV, δ = 3 and
mν = 0.05 eV. In the 2HDM-II, this ratio would peak near 0
and 1 as shown while in other models, the actual distribution
of this ratio would depend on the polarization asymmetry
since both left and right handed τ ’s would contribute. In the
case shown, the asymmetry is ∼ 1 and the ratio peaks near
the center of the distribution.
left handed τ -leptons, H− → τ−R ν¯ + τ−L ψ whereas in the
2HDM-II such as MSSM, only the right handed τ decay
of the H− is possible through the τ Yukawa coupling:
H− → τ−R ν¯. The τ decay of the charged Higgs has been
studied in details for ATLAS and CMS. In the current
study, we focus on the observability of H− → τ−L ψ at the
LHC for Higgs masses larger than the top-quark mass.
The charged Higgs is generated through the 2→ 2 pro-
cess, gb → tH± — where H− → τ−R ν¯ + τ−L ψ — and we
require the hadronic decay of the associated top-quark:
t → jjb. The major backgrounds considered are the
single top-quark production, gb → tW± and the tt¯ pro-
duction with one W+ → jj and the other W− → τ−L ν¯.
We include the τ polarization in the analysis and select
one-prong hadronic τ decays since these events carry a
better imprint of the τ polarization. Due to the neutrino
in the final state, only the transverse mass can be recon-
structed. In the backgrounds, the transverse mass has
an upper bound at the W mass while in the signal, the
bound is at the charged Higgs mass. As a result, above
the W threshold, the background is relatively very small.
Thus, the discovery reach of the charged Higgs in the τν
channel is limited by the signal size itself.
The mass of the neutrino ψ would be different on event
by event basis. Consequently, the efficiencies of the kine-
matic cuts would somewhat be different. However, main
results of the current analysis derive from the differences
in the polarizations of the τ -lepton and in the transverse
mass bounds, and would not be significantly affected by
the neutrino mass effect.
Although the observation of a signal in the transverse
mass distribution can be used to claim discovery of the
charged Higgs, it is insufficient to pin down the scenario
that is realized. Additionally, by reconstructing the frac-
tion of the energy carried by the charged track in the
one-prong τ decay, it is possible to claim whether the
scenario is the ordinary 2HDM or not. The further mea-
surement of the polarization asymmetry might provide a
distinctive evidence for models with singlet neutrino in
large extra dimensions.
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